Damage reliability analysis is an emerging field of structural engineering which is very significant in structures of great importance like arch dams, large concrete gravity dams etc. The research objective is to design and construct an improved method for damage reliability analysis for concrete gravity dam. Firstly, pseudo excitation method and Mazar damage model were used to analyze how to calculate damage expected value excited by random seismic loading and deterministic static load on the condition that initial elastic modulus was deterministic. Moreover, response surface method was improved from the aspects of the regression of sample points, the selection of experimental points, the determined method of weight matrix and the calculation method of checking point respectively. Then, the above method was used to analyze guarantee rate of damage expected value excited by random seismic loading and deterministic static load on the condition that initial elastic modulus was random. Finally, a test example was given to verify and analyze the convergence and stability of this method. Compared with other conventional algorithm, this method has some strong points: this algorithm has good convergence and stability and greatly enhances calculation efficiency and the storage efficiency. From what has been analyzed, we find that damage expected value is insensitive to the randomness of initial elastic modulus so we can neglect the randomness of initial elastic modulus in some extent when we calculate damage expected value.
Introduction
The theory and methods of reliability analysis have been developed significantly during the last twenty years and have been documented in an increasing number of publications. These improvements in structure reliability theory and the attainment of more accurate quantification of the uncertainties associated with structural loads and resistances have stimulated the interest in the structure reliability analysis. Although from a theoretical point of view the field has reached a stage where the developed methodologies are becoming widespread, the quantitative assessment and classification of the reliability is still a complex and difficult task. In order to assess the reliability, a rigorous series of tests has to be carried out.
As early as 1986, Ross B. Corotis [1] developed the analysis of effects of parameter uncertainty on the response of vibratory systems to random excitation. Benaroya H, Rehak M [2] and Spanos PD, Ghanem RG [3] extended the stochastic finite element method (SFEM) to incorporate the uncertainties in structural parameters. Leger [4] presented guidelines for dam-safety assessment based on the gravity method. Compared with the rigidbody limiting equilibrium method, the FEM used in the calculation of deep anti-sliding measures did not requireliability theories, Enrique Castillo and Carmen Castillo [7] gave the main results that allowed a sensitivity analysis to be performed in a general optimization problem, including sensitivities of the objective function, the primal and the dual variables with respect to data. Using a numerical procedure, Junho Song and Won-Hee Kang [8] proposed matrix-based system reliability (MSR) method to compute the probabilities of general system events efficiently by simple matrix operations. KwaiSang Chin and Ying-Ming Wang [9] used failure mode and effects analysis (FMEA) to evaluate a system for possible ways in which failures could occur.
The basic purpose of structural reliability analysis is to obtain the probabilistic responses of structural systems with uncertain design parameters, such as loadings, material parameters (strength, elastic modulus, Poisson's ratio, etc.), and shape dimensions. Among the methods available for such problems, the response surface method is a powerful tool [10] . The response surface method, was originally proposed by Box and Wilson [11] as a statistical tool, to find the operating conditions of a chemical process at which some response was optimized. Subsequent generalizations developed this method. Khuri, Cornell [12] and Myers, Montgomery [13] all introduced the response surface method in their books. Wong [14, 15] and Faravelli [16, 17] and Jiang [18] improved the method to fit the indeterminate coefficients of response surface. Bucher [19] and Rajashekhar [20] researched the convergence and stability of the response surface method. Guan [21] evaluated the effect of response surface parameter variation on structural reliability. Gupta [22] used the response surface method to study the extremes of Von Mises stress in nonlinear structures under Gaussian excitations.
However, until now, most of reliability methods such as the first order reliability method (FORM) [23] , the second-order reliability method (SORM) [24] [25] [26] [27] , weighted regression method (WRM) and space reduced weighted regression method (SRWRM) [28] can not be used to analyze large structure, because the traditional reliability methods have two aspects of deficiencies: On the one hand, limited state function is usually implicit when we use finite element method (FEM) to analyze structure. It leads to that the implicit limited state function' partial derivatives for basic random variables are difficult to obtain. On the other hand, in order to overcome the above defects, some reliability methods use polynomial response surface function to fit implicit limited state function, but the number of basic random variables is very big when we analyze large structure. And these reliability methods need more experimental points to confirm the indeterminate coefficients of these basic random variables. It leads to that, during the process, the calculation efficiency and the storage efficiency of these methods are very low. Even, in some large structure, it is impossible to obtain such many experimental points. There-fore, most of reliability methods only can be used to analyze small structures but inability to large structure.
Furthermore, when traditional methods analyze the damage of gravity dam, the seismic load is considered to deterministic acceleration time course. But, in fact, the acceleration time courses of seismic load are different although they have the same power spectrum density. So the traditional method ignores the randomness of seismic load. In addition, most of traditional probability analysis methods only consider the randomness of load but not consider the randomness of parameters of model at the same time. So these methods for gravity dam probability analysis are not complete.
In this paper, we analyze not only the randomness of load but also the randomness of parameters of gravity dam model for the influence of tension damage factor of elements in gravity dam model. The research route of this paper is as follow: to begin with, based on pseudo excitation method and Mazar damage model, we calculate damage expected value excited by random seismic loading and deterministic static load on the condition that initial elastic modulus is deterministic. In addition, we establish the improved response surface method based on weighted regression which can be used to analyze large structure. And then we use this method to analyze guarantee rate of damage expected value excited by random seismic loading and deterministic static load on the condition that initial elastic modulus is random. Finally, we give a test example to verify and analyze the convergence and stability of this paper's method. 
Probabilistic Approach to
where  V ,  V and V are acceleration, velocity and displacement of nodes in dam model, respectively; K , C and M are stiffness matrix, damping matrix and mass matrix of dam model, respectively.
By mode-superposition method, set seismic load is non-stationary process
where   According to pseudo excitation method, construct virtual force as
where   , respectively.
Substituting (3) into (1) and we have 
where
Give the strain of element q as
and   l V are strain matrix of element q and displacement vector of nodes in element q.
So we can write the square variance
Through assuming element strains obey normal distribution, we can obtain probability distribution of element strains.
Regard Mazar damage model which is only related to strain as damage constitutive equation of concrete and write the tension damage factor of element as
where f  is damage threshold and 0.7 ≤A T ≤ 1, 10
−4 . In which, we only consider element strain at x direction and give the tension damage expected value through probability distribution of element strains and the tension damage factor of element as
where   T E  and   , N   are tension damage expected value and normal distribution function, respectively.
Substituting (10) into (11) and we have
where  
T  E and I are tension damage expected value matrix and unit matrix, respectively.
We repeat the above steps until reaching a certain convergence criteria. Then we can obtain the iterative process of expected value   E  and square variance   D  of element strains. And finally we can obtain tension damage expected value matrix
Probabilistic Approach to Evaluate Gravity Dam Damage Excited by Random Seismic Load and Deterministic Static Load under the Condition of Random Initial Elastic Modulus
We have analyzed the randomness of load. Then we consider the randomness of initial elastic modulus. In this part, we improve response surface method based on weighted regression and make this method can be used in large structure such as gravity dam. It shows that the algorithm has good convergence and stability and greatly enhances calculation efficiency and the storage efficiency compared with other conventional algorithm.
Implicit Limited State Function   g x Setting
We write implicit limited state function  
are tension damage expected value matrix under the condition of deterministic and random initial elastic modulus, respectively. And
is the minimum value of matrix elements.
x is basic random variables vector (in this paper, the basic random variables are random initial elastic modulus of elements of gravity dam model)
The Establishment of Improved Response Surface Method Based on Weighted Regression
Use second-order polynomial response surface function
where j x and n are basic random variables and the number of basic random variables, respectively; 0 b , j b and j c are indeterminate coefficients. However, the number of basic random variables is very big when we analyze large structure. It is impossible to obtain the indeterminate coefficients by the traditional response surface method because we can only obtain m sample points which can not reach the number 2n + 1 to fit second-order polynomial response surface function   , , ,
, and then obtain the sample vector 
By singular value decomposition of experimental matrix A , we have
where  is m × m diagonal matrix; U and V are morder and (2n + 1) -order unitary matrix, respectively. Give the solution vector b as
Set weight matrix M is m × m diagonal matrix which gives m experimental points i x weight value. 
Rewrite the solution vector b as
The Establishment of Weight Matrix M
We want to achieve two goals when using second-order polynomial response surface function   
where 1 x is center point.
The m Experimental Points i x Selection in the Initial Iterative Step
In the initial iterative step, we select m experimental points i x as
where j u and j  are expected value and mean square deviation of basic random variables j x , respectively; ij r is random number in the interval  
where v is deviation factor.
Deviation Factor Adjusting
Deviation factor has an influence on convergence speed in iterative procedure. Thus, in order to improve convergence speed, we adjust deviation factor in each iterative step as
where k is the iterative step number.
Calculation Method of Checking Point 0 x
Derivation calculus to second-order polynomial response surface function   g x is complex. Thus, we adopt improved method based on Lagrange multiplier rule as follow.
We can obtain the design checking point 0 x through solving the constrained optimization problem (26) 
where  is reliability index.
Substitute (13) into the constrained optimization problem (26) and rewrite constrained optimization problem (27) 
Based on Lagrange multiplier rule, we can rewrite the constrained optimization problem (27) 
Solve (29) 
From (29) Through above iterative process, we can obtain the value of the variable λ. Substituting λ into (30), we can obtain the value of the design checking point 0 x .
The Basic Steps of Improved Response Surface Method Based on Weighted Regression
The basic steps of improved response surface method based on weighted regression are as follow: First step: in k iterative step, we obtain m experimental points i x through (23), (24 
, and then obtain the sample vector
. We obtain weight matrix M by (19) (20) (21) (22) , and then obtain solution vector b by (1). Second step: We obtain checking point 0 k x by improved method based on Lagrange multiplier rule, and then we calculate center point 1 1 k  x at next iterative step as
Third step: We obtain deviation factor 
Numerical Example
We give a numerical example in order to verify and analyze the convergence and stability of this method. . We use 2 experimental points in this paper's method compared with 3-5 experimental points in other conventional algorithm. We obtain the comparison result when using the same initial deviation factor 0 v as Table 1 [19] . We obtain the iterative process when initial deviation factor 0 3.00 v  as Table 2.
From Table 1 and Table 2 , we can obtain the conclusion that this algorithm has good convergence and stability and greatly enhances calculation efficiency and the storage efficiency compared with other conventional algorithm.
Numerical Analysis of Gravity Dam Model
The 
where   T a k S  and  are target response spectrum and damping ratio, respectively; p (p ≤ 0.15)and d T are exceeding response spectrum probability and duration of ground motion, respectively; N and t  are the number of trigonometric series and time step, respectively.
The dam model is shown in Figure 1 . The probability distributions of all random parameters of each element are shown in Table 3 . And the expected values of tension damage factors of each element are shown in Figure  2 . The reliability index, guarantee rate about damage expected value and deviation factor under the condition of random initial elastic modulus iterative procedure are shown in Figure 3, Figure 4 and Figure 5 . The values of Figure 3 , Figure 4 and Figure 5 are shown in Table 4 .
In each iterative step of the method of this paper, we use only 10 experimental points to approximate implicit limited state function   g x while the traditional response surface method needs 4865 experimental points. So the method of this paper saves large storage space and can be accepted in analyzing large structure such as gravity dam.
From what has been analyzed above, we have the conclusion that the damage locations of gravity dam are jetty head and the heel of gravity dam so we should strengthen these locations above. From Figure 3 , we have the con- Figure 4 , Figure 5 and Table 4 , we have the conclusion that, under the condition of random initial elastic modulus, the convergence rates are also fast. The deviation factor decreases exponentially which shows that the improved response surface method based on weighted regression also has good convergence and stability and greatly enhances calculation efficiency and the storage efficiency. And the method of analyzing large structure such as gravity dam is very applicable. The deviation factor reaches 0.16495 at the first iterative step. It shows that damage expected value is insensitive to the randomness of initial elastic modulus so we can neglect the randomness of initial elastic modulus in some extent when we calculate damage expected value. And we can obtain the guarantee rate about damage expected value is 75.755%.
Conclusions
In this paper, we analyze the probability of gravity dam damage. To begin with, based on pseudo excitation method and Mazar damage model, we calculate damage expected value excited by random seismic loading and deterministic static load on the condition that initial elastic modulus is deterministic. Furthermore, we establish the improved response surface method based on weighted regression to analyze guarantee rate of damage expected value excited by random seismic loading and deterministic static load on the condition that initial elastic modulus is random. At last, we give a test example to verify and analyze the convergence and stability of this method. And it shows this algorithm has good convergence and stability and greatly enhances calculation efficiency and the storage efficiency. Through analysis of examples, we find that damage expected value is insensitive to the randomness of initial elastic modulus so we can neglect the randomness of initial elastic modulus in some extent when we calculate damage expected value.
